We have analyzed the results of the reconstruction quality of 252 daylight spectral curves measured at Granada, Spain, using four bases obtained from measurements in different areas of the world. For these reconstructions we used two different methods ͑orthogonality of characteristic vectors and chromaticity coordinates͒ to study the influence of the wavelength range and spectral resolution. The reconstruction method from chromaticity coordinates presents difficulties for the spectral recovery of daylight spectral power distributions regardless of the basis used. The orthogonality method makes clear that the best bases were those proposed by the CIE, but more than two characteristic CIE vectors were needed for good reconstruction.
Introduction
Detailed knowledge of the spectral power distributions ͑SPD's͒ of daylight in the visible and ultraviolet regions of the spectrum has many applications in science ͑atmospheric optics, meteorology, medicine, biology, etc.͒, technical areas ͑photovoltaic applications, biomass production, color rendering and metamerism, agriculture, architecture, etc.͒, and industry ͑photography, dyes, paintings, textile, etc.͒. In addition, algorithms that enable the color identification and recognition in Artificial Vision [1] [2] [3] have been developed by use of mathematical properties found for daylight SPD's.
In the 1960's and 1970's, thanks to complex instruments capable of measuring spectral distributions of daylight, measurement campaigns were conducted in different countries ͑U.S.A., England, Japan, India, South Africa, Australia͒. 4 -10 Some of this research achieved great precision and elaboration. The main objective was to standardize, for practical purposes, the representative spectral distributions of daylight. The principal conclusion drawn from all these campaigns was that, despite the large number of factors that influence the daylight SPD's ͑solar elevation, altitude, atmospheric conditions, receptor position, etc.͒, SPD variability is low, so the daylight spectral distributions present strong correlation.
Taking advantage of this strong correlation, we can use a linear basis expansion of the SPD's to represent the daylight by a linear model with fixed, known basis lights. With regard to the accuracy with which a linear model captures the range of spectral variation of daylight, various authors 4 -9 have determined that, for practical purposes, three to four basis lights provide essentially acceptable matches to the spectral distributions measured when bases are tested on the author's own measurements.
Here we outline the possibilities of the various bases ͑one a CIE basis 4 recommended by the scientific community 11 ͒ to represent daylight SPD's measured in a different place. We also obtained a basis from our own measurements to evaluate the goodness of the different bases tested, as it might be thought that a Granada basis would provide a better reconstruction of them than would another basis deduced from other measurements. Our basis was obtained by a principal components analysis.
In an early paper, Nayatani et al., 10 after measuring 112 SPD's of daylight in Amagasaki, Japan, compared their curves with those reconstructed by the method recommended by the CIE-1.3.1. Committee. These authors found fairly good agreement in the visible region but larger discrepancies in the ultraviolet region. To evaluate the goodness of their reconstructions, Nayatani et al. 10 used the coefficient B M t of the degree of metamerism proposed by Nimeroff and Yurow, 12 as they were more interested in colorimetric aspects than in spectral reconstruction.
We analyzed two different methods for the recovery of the SPD's: in one the curves were reconstructed knowing the chromaticity coordinates of the daylight SPD, and in the other they were reconstructed using the orthogonality properties of the characteristic vectors deduced from a set of daylight measurements. With the second method, since we wondered whether the bases deduced far from Granada would serve to reconstruct Granada daylight SPD's, we studied which method provides the best results and what is the appropriate dimension of this basis and its possibilities for representing daylight SPD's. We also studied the influence on the spectral quality of different reconstruction parameters, such as wavelength range and spectral resolution, vectors used and their orthogonality, and interpolations and their truncation.
Four different bases were tested. The first basis used was formed by the characteristic vectors calculated by Judd et al. 4 from a set of 622 samples of natural daylight composed of three subsets measured in different widely scattered places: 249 spectral distributions from Rochester, New York, supplied by Condit and Grum 7 ; 274 from Enfield, England, supplied by Henderson and Hodgkiss 8 ; and 99 from Ottawa, Canada, supplied by Budde. The authors published the mean and the first four characteristic vectors, using the method described by Simonds, 13 for the 330 -700-nm range every 10 nm. In that same paper these authors extended their vectors to cover the wavelength ranges of 300 -330 and 700 -830 nm, using Moon's compilation data 14 on the spectral transmission of the Earth's atmosphere that is due to ozone and water vapor. The CIE recommended a procedure, 11 based on this work, to specify relative spectral radiant power distributions of typical phases of daylight at the Earth's surface for correlated color temperatures ͑CCT's͒ ranging from 4000 to 25,000 K. We have designated the characteristic vectors of Judd et al. 4 as the CIE characteristic vectors, since their research was the basis of the actual CIE Standard Daylight Illuminants. It should be mentioned that a redefinition of the CIE Standard Daylight Illuminant spectral power distribution is currently under consideration. The CIE TC 2-33, "Re-formulation of CIE Standard Illuminants A and D65," is preparing a new edition of CIE Standard S001-1986 ͑now ISO͞CIE 10526͒. 15 The second basis was taken from Sastri and Das, 5 who presented 187 spectral distributions of daylight at Delhi, India, recorded for approximately a year. They gave the mean and the first four characteristic vectors for the 300 -700-nm range every 10 nm. Their reconstructions of typical distributions for five CCT's using the mean and the first two characteristic vectors show satisfactory agreement except in the 300 -330-nm range. From their results these authors concluded that their values for this range did not lead to a representative mean or characteristic vectors, affirming that "the sensitivity of our measuring system was rather poor for this range." 5 The third and fourth bases were published by Dixon. 6 He took measurements of the spectral distributions of Australian daylight falling on a horizontal plane over the 280 -2800-nm wavelength range at two locations in southeastern Australia, one in an urban environment, Coburg, and the other in the country, Bendigo. Each set ͑123 curves for Bendigo and 113 for Coburg͒ was subjected to characteristic vector analysis. All the tabulations of spectral data in Dixon's work were at "rather odd wavelengths." 6 The recorded wavelengths of the visible monochromator were different for Bendigo and Coburg. The range of the vectors for the Bendigo data was 264.4 -782.7 nm and for Coburg it was 264.4 -780.6 nm.
Experimental Measurements
We measured 252 spectral distributions of daylight ͑sunlight plus skylight͒ at Granada, Spain. This set of measurements was made from a flat roof of the Science Faculty of the University of Granada ͑lati-tude 37°11ЈN, longitude 3°35ЈW, altitude 680 m͒, situated within a nonindustrial area of the city of Granada in southern Spain. The data set was compiled for 30 days, from 9 February to 3 May 1996, and it covered a full range of atmospheric conditions: clear sky, scattered clouds, cloudy, hazy, overcast, misty, etc. The measurements were taken from sunrise to sunset at intervals of 1 h, with a Licor LI-1800 scanning spectroradiometer 16 that was used to scan the 300 -1100-nm wavelength range ͑sam-pling every 1 nm͒ at 40 s͞scan. Figure 1 presents the chromaticity coordinates of our 252 curves: the CIE daylight locus, the Bendigo locus and Coburg locus, as well as the Planckian locus. Most of the Granada data with small CCT are located above the Planckian locus ͑toward the green region͒ and below the CIE locus. However, for larger CCT's our chromaticity coordinates are located above the CIE locus.
The analytic method used to obtain the eigenvectors from the 252 curves of Granada data are described in Parkkinen et al. 17 and Romero et al. 18 The data were analyzed by using the Karhunen-Loève transformation, which is closely related to the principal component analysis. These eigenvectors are mutually orthogonal and may have negative values, but they do not have equal importance in spectral representation. The first eigenvector corresponds to the mean of the measured vector. Figure 2 shows the spectral profiles of the CIE, the Sastri and Das mean vectors, and the Granada first eigenvector in the 300 -700-nm spectral range. The CIE mean vector and that of Granada share similar spectral profiles, particularly for wavelengths above 500 nm. These vectors differ markedly from those of Sastri and Das for wavelengths below 500 nm. The UV content in the CIE mean vector and in the Sastri and Das mean vector ͑over 330 nm͒ exceeds that at Granada.
Reconstruction Methods
As mentioned above, we analyzed the way in which the reconstruction method could influence the quality of spectral reconstruction. We chose two different methods. In the first, we must know the chromaticity coordinates of the original curve; with this knowledge, together with the mean vector and the first two characteristic vectors, we can reconstruct the desired curve. In the other method we used the orthogonality properties that the characteristic vectors must fulfill, and we had no limit on the number of vectors used.
A. Reconstruction from Chromaticity Coordinates
With this method the reconstructed SPD ͓E R ͔͑͒ is obtained by the expression
where E 1 ͑͒ is the mean vector, and V 1 ͑͒ and V 2 ͑͒ are the first two characteristic vectors. Judd et al. 4 developed the following expression relating the scalar multiples M 1 and M 2 to the chromaticity coordinates x and y of the curve they wished to reconstruct:
We obtained similar expressions for the three remaining bases and the results are shown in Table 1 . The major limitation of this method is that, if we wish the reconstructed curve to be unique, i.e., a univocal relationship between chromaticities and scalar multiples, we can use only two characteristic vectors, but these two vectors may not cover all the variability in the daylight spectrum.
B. Reconstruction Using the Orthogonality Property
This procedure is based on the orthogonality of the characteristic vectors V j , which represent statistically independent types of response variability. Mathematically stated, For the mathematical reconstruction of a spectral power distribution E E ͑͒ from the mean vector and p characteristic vectors, we used the formula
where ͗E E ͉͑͒V j ͑͒͘ is the usual inner product ͑scalar product͒ between the spectral power distribution and the j-basis characteristic vector, E 1 ͑͒ is the mean vector, E R ͑͒ is the reconstructed curve, and p is the number of characteristic vectors with which we wish to recover the spectral distribution. When we use the eigenvectors calculated from the Karhunen-Loève transformation ͑only for the Granada data͒, the formula is slightly different since the mean vector is not used:
where W i ͑͒ indicates the ith eigenvector.
Goodness Evaluation
To evaluate the goodness of the mathematical reconstruction, we used a goodness-fitting coefficient ͑GFC͒ based on the inequality of Schwartz:
This GFC is the multiple correlation coefficient R, and the square root of the variance accounted for. The GFC ranges from 0 to 1, where 1 indicates a perfect reconstruction. When the reconstruction presented a GFC Ն 0.99, we judged the quality to be acceptable, especially from the standpoint of colorimetry as done by Romero et al. 18 When the GFC obtained was Ն0.999 the reconstruction was considered very good, and Ն0.9999 was almost exact.
Spectral Range and Spectral Resolution
Because a different spectral range and spectral resolution is given by the authors 4 -6 for each basis, we selected four different spectral ranges ͑300 -700, 300 -780, 330 -700, and 300 -830 nm͒ with two spectral resolutions ͑10 and 5 nm͒ in order to compare the results and to determine the influence of these two parameters on the quality of the reconstructed curves.
A SPD with N samples can be considered as a vector with dimension N. For example, a daylight curve in the 400 -700-nm wavelength range with a spectral resolution of 10 nm is a vector with a dimension of 31. Therefore, widening the spectral range or reducing the sampling gap increases the dimensionality of the vectors used, thereby multiplying the possibilities of variability in the spectral profiles of the curves. After we used vectors defined every 10 nm, we made a linear interpolation to determine the values every 5 nm. This same interpolation was made for the Bendigo and Coburg vectors ͑Dixon 6 ͒ because their spectral data were at unconventional wavelengths. In the same way, when the spectral range studied was less than the original spectral range of the vectors, we limited the calculation of the GFC to the smaller spectral range, calculating the inner product in the original spectral range. In the tables these results appear in italics. The Granada vectors were calculated at four wavelength ranges ͑300 -700, 300 -780, 330 -700, and 300 -830 nm͒ with two spectral resolutions ͑5 and 10 nm͒, performing eight eigen analyses over eight different matrices. Fig. 3 . Example of reconstruction from the chromaticity coordinates by use of the CIE basis with a GFC of 0.9987 in the 330 -700-nm spectral range with a spectral resolution of 5 nm. Solid curve, original curves; squares connected by dotted curve, reconstruction. 
Results

A. Reconstruction from Chromaticity Coordinates
From the chromaticity coordinates of our measurements, we reconstructed 252 spectral curves using the four bases described in Section 1 as well as expressions ͑1͒-͑3͒. We calculated the average GFC ͑Table 2͒ at four spectral ranges with two spectral resolutions. Table 3 lists the percentage of reconstructions that surpassed a given GCF value for those four spectral ranges with a spectral resolution of 5 nm and we found similar results for a spectral resolution of 10 nm. The CIE basis, as well as Bendigo and Coburg bases, provides the best average GFC results ͑except for the Coburg basis between 300 and 780 nm for which the results are discouraging͒. The differences between these three bases and that of Sastri and Das are significant, with the latter rendering the worst results. Although the CIE basis provides the best GFC averages, we found that no reconstruction ͑of the 252 analyzed͒ had a GFC greater than 0.999. However, with the Bendigo and Coburg bases roughly 30% of the reconstructions had a GFC of greater than 0.999 ͑except between 300 and 780 nm for the Coburg basis͒. Again, the Sastri and Das basis gave the worst results.
We found that reducing the size of the spectral range increased the average GFC. This trend was true for all the bases, and particularly so for the For bases formed by characteristic vectors, the number of characteristic vectors used is indicated in brackets ͑without including the mean vector͒; in the Granada basis, the number in brackets indicates the number of eigenvectors. When we calculated the GFC in a spectral range smaller than that used for the inner product, the results are in italic; n.a., not available. Spectral resolution: 5 nm; n.a., not available. For bases formed by characteristic vectors, the number of characteristic vectors used is indicated in brackets ͑without including the mean vector͒; in the Granada basis, the number in brackets indicates the number of eigenvectors. When we calculated the GFC in a spectral range smaller than that used for the inner product, the results are in italic.
Coburg basis when analyzed between 300 and 780 nm, where the deterioration was clear. This trend also becomes evident in each basis for which a change in the spectral resolution from 10 to 5 nm ͑in curves and vectors͒ slightly increased the average GFC.
With this method, which allows the recovery of daylight SPD using three vectors ͑mean vector and two characteristic vectors͒ and knowing its chromaticity coordinates, we obtain poor spectral quality regardless of the basis used. Although this method by use of the CIE basis is widely employed for standard daylight, it has been shown that it is not advisable if we are concerned about spectral similarities. Figure  3 shows an example of reconstruction that was obtained with this method with the CIE basis, resulting in a GFC of 0.9987.
B. Reconstruction Using the Orthogonality Property
We calculated the average GFC ͑Table 4͒ and the percentage of reconstructions that surpassed a given GCF value ͑Table 5͒. These results show that an increase in the number of vectors in the Sastri and Das basis did not increase the GFC as appreciably as when the CIE basis was used, perhaps because the Sastri and Das vectors do not cover the variability found in the spectral curves of Granada daylight. For the CIE vectors, despite increasing the number of characteristic vectors to four, in the 330 -700-nm spectral range no curve exceeded a GFC of 0.9999. However, with only two characteristic vectors a large majority ͑81%͒ reached the quality of very good ͑GFC Ն 0.999͒. Using two Granada eigenvectors, most of the reconstructions ͑roughly 80%͒ surpass the quality of very good in the four spectral ranges ͑Table 5͒. Three eigenvectors are needed for more than half of the reconstructions to surpass the quality of excellent for the ranges ͑300 -700 and 330 -700 nm͒, and four are needed for the widest ranges ͑300 -780 and 300 -830 nm͒. With six eigenvectors, almost the entire set of reconstructions ͑ϳ98%͒ surpassed the quality of excellent. Figures 4͑a͒ and 4͑b͒ show two reconstructions using the CIE basis and Granada basis, resulting in GFC's of 0.99925 and 0.99996, respectively.
The broader the spectral range, the lower the quality of the reconstructions ͑similar results were found when the reconstructions were made from the chromaticity coordinates͒. When we included the 300 -330-nm spectral range ͑UV A and part of UV B͒, far smaller than 700 -780 or 700 -830 nm, more quality was lost than when we included these ranges. We can increase the GFC of reconstructions eliminating this spectral range ͑300 -330 nm͒ where the ozone concentrations varied seasonally and locally from one region to another, when the measuring instruments had low sensitivity, and where there is little correlation.
As explained above, the reconstructions were made using the orthogonality of the characteristic vectors expressed in Eq. ͑4͒. If this property is lost, that is, if the scalar product between characteristic vectors is not near 0, then the reconstructed curves do not resemble the originals. Several factors could contribute to orthogonality loss; for example, vector values with fewer than four figures supplied by other authors, 4 -6 and this precision has a negative influence on the orthogonality property that vectors must fulfill, reducing the GFC's obtained when one uses this method. Surprisingly the linear interpolations made to change the spectral resolution from 10 to 5 nm improved the quality of the reconstructions even though the orthogonality worsened.
Judd et al., 4 using Moon's compilation, 14 extrapolated the mean vector and the first two characteristic vectors to the ranges of 300 -330 and 700 -830 nm. The orthogonality between these characteristic vec- tors was considerably smaller than for the original 330 -700-nm range ͑e.g., the dot product between V 1 and V 2 changes from 0.00069 in the original range to 0.12784 in the extrapolated 300 -830-nm range͒. This result is faintly reflected by the average GFC obtained for this range ͑300 -830 nm͒ compared with that obtained for 330 -700 nm ͑Table 4͒.
The orthogonality was reduced sharply when the original vectors ͑Bendigo as well as Coburg͒ were truncated in the intervals studied ͑the original range of which had wavelengths of less than 300 nm͒. This loss of orthogonality is reflected in the results of the average GFC: the GFC decreases despite our increase of the number of characteristic vectors used in the reconstructions ͑Table 4͒. Therefore, with the orthogonality method it is not advisable to truncate the spectral ranges of vectors when we use vectors defined for spectra wider than those for which we wish to make the reconstructions.
This method of reconstruction of daylight SPD supplies better results in the spectral quality of reconstructions than the one that makes use of the chromaticity coordinates. However, if we want high spectral quality we must use a number of vectors greater than four.
Conclusions
It is a fact that the algorithms that enable the color identification and recognition in Artificial Vision use reconstructions of daylight SPD's with linear models. Therefore, it is essential to study from a spectral standpoint the quality of reconstructions, testing to which degree different bases can be used to reconstruct daylight spectral curves that have been measured at sites that were different from the original ones. We have shown that the reconstruction method from chromaticity coordinates presents difficulties for the spectral representation of daylight SPD's, regardless of the basis used. The orthogonality method points out that the best basis and the one that most effectively reconstructed the spectral curves of Granada daylight was that proposed by the CIE. The differences with respect to other bases were quite noticeable. We should emphasize that more than two characteristic CIE vectors were needed for good reconstruction, since two ͑and the mean vector͒ gave acceptable results only from a colorimetric standpoint.
We also determined that use of a spectral resolution of 5 nm ͑as opposed to 10 nm͒ improves the quality of the reconstructions for the two methods described above. This result, perhaps at first unexpected, is notable because to increase the spectral resolution one must multiply the dimension of the vectors by two, and since this implies a loss in the orthogonality property we might thus expect a worsening of the GFC because it would cover greater variability in the SPD's. This result can be explained by the fact that an increase in the spectral resolution implies great specification in the spectral location of the absorption bands ͑water vapor, oxygen, ozone, aerosols, etc.͒.
